A verification for the feasibility of the bicluster mechanism of fission-mode formation and for the clusterization of a neck of a heavy fissioning nucleus predominantly on alpha particles is fulfilled. A correlation was established between the peculiarities (fine structure) in mass-energy distribution of fission fragments being completely different from that produced by the proton odd-even effect and the clusterization of the fissioning nucleus. Calculated results in the cluster approach are compatible with the experimental data.
Introduction
As compared to the study of the cluster degrees of freedom in light a-cluster nuclei and the nuclear molecule [ 1, 2] , the investigations of the cluster degrees of freedom in heavy nuclei are still conjugated with large experimental and theoretical difficulties. However, some experimental data on fission of both the preactinide and actinide nuclei can be naturally treated in cluster terms. The strongly bounded fragments (with almost closed shells) take there the role of clusters. The well-known example of such a kind is the dependence of the multiplicity of neutron emission on the mass of the fission fragment (FF) in low-energy fission (Terrell curve [3] ). For the FF that is close to the shell-nuclei in the vicinity of the mass numbers AN ~ 130 and AL -~ 82, the neutron multiplicity is equal to zero within the error bars (AH and AL are the mass numbers of the heavy and light FF, respectively). This means that in any configuration of the fissioning system such FF have not enough excitation energy for the neutron emission. As a result we can assume the preformation of these FF (clusterization) at early stage of fission. Based on the study of the neutron emission in the spontaneous 252Cf fission [4] [5] [6] , the indication of the validity of the above assumption was obtained for the fragments with the mass numbers AH ,-~ 130 and AL ,v 80,90.
The next example concerns the fission of the nuclei lighter than Th. As was established in Ref. [7] , the asymmetric mass components with An "~ 134 in the FF mass distribution appear only for the fissioning nuclei with A ~< 200 and/or Z -.~ 80. The vanishing of the asymmetric mass components for the fission of heavier nuclei seems to be caused by the shell effects in the fragments. The heavy fragment is formed under the effect of the spherical shells with Zn = 50 and Nt~ = 82. The mass of the light fragment is defined by the mass of the nucleus with the closed either spherical shell (ZL = 28, NL = 50) or deformed shell (ZL = 30, NL = 44) [8, 9] . Therefore, the sum of the FF masses is approximately equal to the borderline mass value discussed. The strong similarity between the symmetric high-energy mode of the Fm-No fission with extremely small mass variance of the FF and the asymmetric mode al in the fission of the nuclei in the vicinity of A = 210 is noted in Ref. [9] . The symmetric fission mode assumed to be resulted from the preformation of two double magic 132Sn nuclei. For the nuclei with A ~ 210, the configuration consisting from the two spherical fragments can be obtained with the replacement of one 132Sn nucleus in the previous case by the double magic 78Ni nucleus.
The presented qualitative picture is supported by the calculations based on the WoodsSaxon-Strutinsky model involving many deformation degrees of freedom [ 10] . It was shown that the density distribution and the shape of the fission nucleus at large elongation (in third minimum) look like a di-nucleus. Such clusterization is a good manifestation of the shell-structure role in the fission of heavy nuclei. In the heavy nuclei the cluster degrees of freedom were considered in Ref.
[ 11 ] within the simple model which reproduced the experimental data on the exotic cluster spectra with unexpected accuracy. Therefore, as the first step, the use of the simple cluster approach can be useful to verify the cluster concept of the nuclear fission. This paper aims to show that the results obtained in the simplest cluster approach are compatible with the experimental data.
Moreover, we will demonstrate the link between some fine structure in the energy-mass distribution of the FF and the formation of the cluster configurations.
Besides the cluster aspects connected with the formation of the FF, there are indications of the light-cluster formation in the contact region between heavy nuclei [ 12] . Therefore, the neck clusterization is the second interesting process considered in our cluster approach to the fission.
Fine structure in mass-energy distribution of FF
The recent experimental data presumably indicating the clusterization of the fissioning 234U* nucleus were presented in Ref. [ 13] . By notation, the local areas of the twodimensional distribution with enhanced yield of the FF, as compared to the one supplied by the smoothed global distribution, are treated as the fine structure (see Fig. 1 ). The fine structure in the form of the ridges having a small slope to the energy axis in Refs. [13] [14] [15] . The conclusion about their origination, mainly from the proton oddeven effect, was made. This effect is the strongest one, however it is not alone in producing the fine structure. For the extraction of the structure shown in Fig. 2 , the total TKE-M distribution was smoothed in the cuts at M = const (Fig. 1) . The smoothed distribution was subtracted from the initial one. This procedure has a minimal sensitivity to the structures produced by the proton odd-even effect because the direction of the cuts, along which the smoothing occurs, is approximately parallel to the direction of the ridges produced by the odd-even effect. Using this procedure, the fine structure which has different nature as compared to structure produced by the odd-even effect was distinguished. The experimental data on the fine structure of the TKE-M distributions of the 234U* FF (Fig. 2) Fragment mass (ainu) Fig. 2 . The fine structure of the TKE-M distribution for the FF of the thermal neutron induced fission of 233U. The procedure for extraction of the fine structure is described in the text and illustrated in Fig. 1 .
Cluster approach to fission process
The phenomenological cluster concept of the low-excited heavy-nuclei fission being the development of the earlier models [ 17, 18] was suggested in Refs. [ 19, 20] to take into consideration the new experimental and theoretical results obtained from several fields. The fields considered are: the specific manifestation of the shell effects in the nuclear fission, the data on the clusterization in tr-cluster systems, the calculations indicating the multimode character of the fission, as well as the theoretical models of the cluster decay. The integration of these phenomena is based on the assumption about the generality of their physical origins, i.e. the manifestation of the cluster degrees of freedom in the nuclei. The paper aims to provide a quantitative verification of the cluster approach to the fission.
Referring to Ref. [ 20] let us assume that, for some elongations, the fissioning system is transformed to the one consisting of two large clusters connected by a neck. The large clusters are assumed to be the strongly bounded shell nuclei, for example, ]32Sn and 82Ge. The nucleons in the neck are also joined into the clusters among which the or-particles are preferable. With the descent from the fission barrier, the large clusters retain their individual properties, and the elongation of the system is caused by the elongation of the neck. The elongation of the clusterized neck means the rearrangement of a-particles between the two large clusters. The different neck scissions are responsible for the formation of the different FF. The fission mode is thus determined by the large clusters. The preformation of different pairs of the large clusters is the reason of the multimodality of the nuclear fission. This paper is aimed to estimate quantitatively the characteristics of the fissioning system within our approach based on the two key points: the preformation of two large clusters gives rise to the fission mode; the neck between the large clusters clusterizes predominantly on a-particles. Based on the experimental indications mentioned above, the probable mode in the thermal neutron induced fission of 233U and 235U was chosen for particular calculations. In this mode, the fissioning system represents two large clusters 132Sn, Ge and five a-particles (2°Ne) between them. The configurations investigated are schematically presented in Table 1 . All configurations with labels from 1 to 1 ld are constructed using the following rule: the distance between the nearest edges of the large clusters is a multiple of the a-particle diameter; at fixed elongation of the system the a-particles, which are not included in the chain connecting the large clusters, can be in the positions to minimize the potential energy of the system. The purpose of the comprehensive consideration of all possible configurations was out of this paper. We would like only to demonstrate the feasibility of the assumption on the clusterization of the fissioning nucleus in the description of the experimental data. Thus, two types of the clusterization are distinguished in the fissioning nucleus. At first, two large clusters are formed. At second, the neck clusterization is possible. The large clusters were spherical in our consideration. However, the deformations of the 12C, 2°Ne nuclei in the neck were taken into consideration. The main question is whether the neck is clusterized. We considered the neck consisting of the five a-particles that looks like the clusterized 2°Ne nucleus.
Potential energy of duster configurations and TKE
In the simplest cluster approach, let us consider the static picture in which the fissioning system looks like the molecule made of a-particles and two heavy clusters. Although the dynamical and antisymmetrisation effects are important for this system, the analysis of the potential energy as a function of the cluster configuration, elongation and TKE as a function of scission point allows us to justify some points of the cluster approach to the fission process.
The potential energy of the cluster configuration consisting of n clusters is determined as follows
where U(j(rLj ) is the interaction between the i and j clusters, Bi is the binding energy of the cluster i, B0 is the binding energy of the fissioning nucleus in its ground state.
The origin of the coordinates for Vmt coincides with the energy of the ground state of the fissioning nucleus. The cluster-cluster potential depends on the Coulomb and nuclear interactions between the i and j nuclei:
(2)
The Coulomb potential U c is easily calculated in accordance with Ref. [21] . For calculation of the nuclear interaction Uff, the double folding method is used:
Uff ( r O) = / pi( x ) pj( r~j -y)~'( x -y)dxdy. (3)
Here Pi and pj are the nucleon densities of the interacting nuclei. The density dependent nucleon-nucleon interaction is taken as
where N and Z are the neutron and proton numbers of the nucleus,
and the parameters are: C = 300 MeV.fm 3, p00 = 0.17 fm -3, fin = 0.09, fex = -2.59, fin = 0.42 and fix = 0.54. Interaction (4) is well-known in the theory of finite Fermisystems [22] , giving good description of a large set of the experimental data. In (4), Po = Pi + Pj. This approximation is good for a small overlap of the nuclei that takes place in the cluster configurations discussed. For the spherical nuclei with A > 16, the nuclear density was taken as follows:
where Roi = roAJ/3 is the radius of the nucleus i. For light nuclei, the following functional dependence for the density is more realistic pi(r) = Ai e -r;r'.
In the calculations, we took the following values of the parameters: r0 = 1.12 fm and a0 = 0.54 fm. The value of the parameter y was varied from 0. This potential takes effectively into account the antisymmetrisation effects (for example, Ref. [23] and references therein). Therefore, it is suitable for our calculations. For the majority of the pairs of the interacting nuclei, there is a pocket in the Uij (rij) dependence on r(i with a bottom corresponding to the intercenter distance rij = Ri + Rj + 0.5 fm. In our calculations of the potential energies of cluster configurations, the distance between touching clusters corresponds to the bottom of the potential pocket. The binding energies B i and B0 in ( 1 ) were taken from Ref. [24] . For illustration, the calculated interaction potentials in the a-particle-SZGe and 82Ge-132Sn systems are depicted in Fig. 3 . 
Results and discussion

Correlation between the fine structure and cluster-like configurations
The important characteristics of the fissioning systems 233U and 235U were calculated in the model described above. First of all, the total interaction energies for the sequence of the configurations (Table 1) (Fig. 4) . The complete analysis of the ridges of the fine structure observed is out of the frame of this work and will be given in the forthcoming publications. As of now we note that the TKE values obtained in the cluster approach (Table 1 ) are compatible with the experimental data. The TKE values for configurations with three a-particles between large clusters correlate with the ridges of the fine structure labeled by letters A and B in Fig. 4 . For the fragment masses between 90 and 94 amu, there are no configurations in Table 1 that correspond to the ridge B. Perhaps, the decays of the compact cluster configurations are responsible for the formation of the ridge B at these fragment masses to supply the large TKE. As compared to our calculation, larger TKE values can be also obtained by including the collective excitations (for example, butterfly mode) in our consideration. For configurations with four a-particles between large clusters, the correlation with the ridge b (Fig. 4) can be established. For these configurations, the TKE values lie slightly below the ridge b of the fine structure. The fine structure observed at TKE > 175 MeV can be linked with the decay of the compact cluster configurations (for example, 3).
The TKE values for configurations with a neck formed from the chain of five a-particles cannot be compared with the experimental data because the statistics is too little in this region of the spectrum. Different scissions of the long neck between two large clusters are responsible for the large variances of the mass and energy distributions of the FF. In Fig. 4 , the calculated results are presented for the fissioning system configurations in which the distance between the large clusters is a multiple of the a-particle diameter. The general number of configurations, when not all a-particles are responsible for the integrity of the system, is essentially more (for example, the configurations 4, 7 and 8) than one in the case when all a-particles supply this integrity (there are no "free" o~-particles in the configuration 3ra to organize the other configurations by the rearrangements of alpha-particles along the alpha-chain). Therefore, the FF production is expected to be preferential from the decay of the configurations considered in Fig. 4 . For the fissioning system, the separation barrier decreases with increasing elongation (Subsection 5.3). It becomes very small for the configurations 4, 7 and 8 which belong to the region of the TKE-M plot with the maximum yield of the FE The subsequent comment concerns the discrete character of the fine structure calculated (solid points in Fig. 4 ). In our model, the scission in the neck gives the FF with masses differ on 4 amu, i.e. these scissions do not give a continuing sequence of fragments masses observed in experiment. As compared with our model, the intermediate values of the mass can be obtained, if one assumes, the small uncertainty in the mass numbers of the large clusters and/or small surplus of neutrons in the neck with reference to its pure n-particle composition (the change of 2°Ne to 22Ne is enough for this purpose). This surplus of neutrons can be caused by the well known demand for the Z/N-ratio to be close to that in the parent nucleus. Our calculations demonstrated that the Vint and TKE values for the 82Ge-5ce-132Sn and 84Ge-5otj32Sn modes differ by few hundred keV. This is why the continuity of the mass number is supplied without the appreciable change of the discussed ridges of the fine structure.
In fact, not only one mechanism responses for the formation of the fine structure. Therefore, the correlation of the calculated results (solid points in Fig. 4 ) with the ridges observed in the experiment allows us to elucidate the important role of the clusterization effects in the explanation of the fine structures.
Energy of the fissioning system
As was noted above, for each cluster configuration of the fissioning system, the total energy of interaction Vint of the clusters was calculated, and compared with the wellknown calculations of Ref. [26] . In Fig. 5 , the dependencies of the energy of the fissioning 236U nucleus are presented for different fission modes as a function of halflength of the fissioning nuclear system (see Ref.
[26]). The points connected by the solid line correspond to the Vint values calculated by us for the configurations listed in Table I . There is good agreement (Fig. 5) between our results and the ones of Ref. [26] if to bear in mind that the valley image onto the potential energy surface depends on the shape parametrization used [27] . The suggested cluster approach describes rather well the height and position of the second fission barrier.
The consent of the calculations performed in the models with the clusterized and unclusterized necks proves the shapes of the fissioning nucleus to be roughly similar in the both cases. However, the cluster model provides some explanation of the periodic structure (Fig. 4) linking it with the configurations in which the length of the neck is a multiple of the a-particle diameter. Therefore, the model with the clusterized neck seems to present not only the simplest algorithm of calculation but a mechanism taking place in nature. A small difference between the predictions of the two models means that both phases -clusterized and unclusterized -can coexist in the neck of the fission nucleus. The presence of o~-particles in the neck is supported by its large yield in the ternary fission (double rapture of the neck). In the ternary fission, the emitted light nucleus from the clusterized neck can be in the excited state (a-chain state). The observation of these events will support the idea on the neck clusterization. As was assumed in Ref. [20] , during the evolution, the fissioning system passes the phase where the nucleons in the neck between the large clusters form the 2°Ne nucleus in its ground state. The values of ~nt, the elongation of the system, and the TKE obtained for the configurations 14a and 14b in Table 1 (the point labeled by 2°Ne in Fig. 5 ) are close to the corresponding values for the configurations 4a and 4a', respectively.
The Vint and TKE values for configurations 7 and 8 in Table 1 , containing the pyramid formed by the four touching a-particles, are close to the appropriate values in the case of replacement of this pyramid by the deformed 160 nucleus [24] . The similar result is obtained in the replacement of the pyramid formed by three a-particles in the configurations 9-12 by the 12C nucleus in the ground state. For the configurations with the 160 and 12C nuclei in the neck, the values of Vint are marked in Fig. 5 . Thus, our calculations confirm a hypothesis of Ref. [20] that some symmetry should be observed between the prolate and oblate shapes of the neck nucleus (2°Ne): at some excitation (deformation) the clusterization occurs in both cases. When the distance between the large clusters increases, the nucleons in the neck consistently pass the following phases of association: a-clusters; a-clusters ÷ ~60; 2°Ne in its ground state; 12C+a-clusters; a-clusters (see Fig. 5 ).
The existence of the light clusters 12C and 160 in the neck is an argument for the benefit of the rule taken in our calculations: to choose the probable points of the neck scission only between two any clusters. Otherwise, the scission takes place across the light nucleus, that is energetically less preferable. The idea on the clusterization of the neck can appear from the other physical supposition. When the distance between the large clusters increases, the nucleon density between the large clusters decreases and the conditions for the so called percolation in the neck [28] are created. The percolation process has a random character, therefore, it is possible to expect, as was mentioned above, a coexistence of the unclusterized and clusterized phases in the neck.
Barriers for the FF separation
Some comparisons with the results of the known calculations [29, 30] can be done if we estimate the barriers for the FF separation. By definition, the separation barrier is the dependence of the interaction energy between the fragments A and B on the distance s between their nearest edges:
V(s) = ~ U~(s).
lEA (j~,,) If the fragments, between which the scission occurs, touch each other, then s = 0. Let us assume that on every stage of the FF acceleration their shapes remain to be constant. In this case, the FF separation barriers for several configurations of the fissioning system are shown in Fig. 6 . The labels of the curves correspond to the configurations given in Table 1 .
The separation barriers for the compact initial configurations are presented in Fig. 6a . The FF for such configurations are characterized by the TKE close to the Q-value of the fission, i.e. the so called cold fission is realized from the compact configurations considered. The fission from the most compact configurations can be prohibited, as the TKE would exce~l the Q-value (see, for example, configurations 12a, 2a in Table 1 and curve 2a in Fig. 6a ). At the same time, the TKE values close, but less then Q, can be reproduced by means of rearrangement of the a-particles in the neck (configuration 13) or elongation of the system (configuration 3a). The existence of the high barrier for the FF separation in the compact configurations of the fissioning system and, following this point, the tunnel mechanism of cold fragmentation are in agreement with the concept of Ref. [29] . The energy corresponding to the bottom of the potential pocket of the fragment-fragment potential was taken as the TKE in these configurations. The zero vibrations, which increase slightly the TKE and penetrability of the barrier of the FF separation, were not taken into account. It means that the TKE calculated without Table I . Qmax notes the Q-value of the fission.
consideration of the zero vibrations can be considered as a low limit of the TKE values. However, the omitted such a dynamical effect as the nucleon exchange between the neighboring clusters can compensate in part the contribution from the zero vibrations. This effect results in increasing the depth of the potential pocket in the fragmentfragment potential [31] . The calculation of the TKE value contains less uncertainties with increasing the system elongation and decreasing the depth of the pocket in the fragment-fragment potential. Rather interesting result follows the calculation performed for the system elongation corresponding to the most probable TKE values and mass of the light fragment (Fig. 6b,  curve 4c) . For large elongation, the separation barrier practically vanishes. This fact correlates also with the conclusion of Ref.
[30] about the instability of the nucleus at some stage of elongation. The absence of the barrier contains a purely clustering aspect: the clusterization of a light nucleus (neck) occurs at the excitation energies close to the disintegration threshold of this nucleus (see the phenomenological Ikeda rule [32] ). Probably, the condition close to this requirement is realized in the neck being equivalent to the 2°Ne nucleus. Either disappearance or small height of the barrier for the FF separation means the instability that is favorable for the clusterization.
Summary
Yu. V Pyatkov et al./Nuclear Physics A 611 (1996) [355] [356] [357] [358] [359] [360] [361] [362] [363] [364] [365] [366] [367] [368] [369] The verification for the bicluster mechanism of formation of the fission mode and clusterization of the neck of the fissioning nucleus has been performed. The arguments supported our cluster approach to the fission are the following: (i) The results obtained in the cluster approach are compatible with the experimental data. The dependence of the potential energy of the fissioning nucleus 236U* on its elongation agrees with the previous calculations [26] . The tendency similar to that shown in Refs. [29, 30] for the height of the barriers for the FF separation is observed. (ii) For the 234U* nucleus, the calculated TKE values correlate with some elements of the fine structure TKE-M distribution of the FF.
The agreement of the calculations performed in the models with the clusterized and unclusterized neck proves the shapes of the fissioning nucleus to be roughly similar in both cases. However, the cluster model proves an explanation of the fine structure (solid lines in Fig. 4) linking it with the configurations where the length of the neck is a multiple of the a-particle diameter. Therefore, the model with the clusterized neck seems to present not only the simple algorithm for calculation but a realistic fission mechanism. A small difference between the predictions of the two models means that both phases -clusterized and unclusterized -can coexist in the neck of the fissioning nucleus.
Besides the possibility to explain the origination of the fine structure in the TKE-M distribution of the FF, the cluster approach can be useful for the planing experiments. If the neck rapture occurs near one of the large clusters, then one FF is practically cold and other is strongly excited. The search of the correlations of the cold and strongly excited FF will support the cluster approach to the fission. Our approach allows to estimate the excitation energies of these FF. The observation of the cluster states of the light nuclei emitted from the neck in the ternary fission will be probably useful as well to support the idea on the clusterization in the fissioning nucleus.
